The mCAT-1 gene encodes a basic amino acid transporter that also acts as the receptor for murine ecotropic leukemia viruses. Targeted mutagenesis in embryonic stem cells has been used to introduce a germ-line null mutation into this gene. This mutation removes a domain critical for virus binding and inactivates amino acid transport activity. Homozygous mutant pups generated from these cells were -25% smaller than normal littermates, very anemic, and died on the day of birth. Peripheral blood from homozygotes contained 50% fewer red blood cells, reduced hemoglobin levels, and showed a pronounced normoblastosis. Histological analyses of bone marrow, spleen, and liver showed a decrease in both erythroid progenitors and mature red blood cells. Mutant fetal liver cells behaved normally in in vitro hematopoietic colony-forming assays but generated an anemia when transplanted into irradiated C.B.-17 SCID mice. Furthermore, reconstitution of the white cell compartment of SCID mice by mutant fetal liver cells was less complete than that observed with a mixed population of wild-type and heterozygous fetal liver cells. Primary embryo fibroblasts from mutant mice were completely resistant to ecotropic retrovirus infection. Thus, mCAT-1 not only appears to be the sole receptor for a group of murine ecotropic retroviruses associated with hematological disease but also plays a critical role in both hematopoiesis and growth control during mouse development.
The murine cationic amino acid transporter 1 (mCAT-1) protein mediates type C ecotropic retrovirus infection of mouse cells by acting as a receptor for viral envelope proteins (Albritton et al. 1989; Wang et al. 1991) . The mCAT-1 cDNA was cloned by virtue of its ability to make otherwise resistant human cells sensitive to infec tion (Albritton et al. 1989 ). This cDNA is predicted to encode a hydrophobic protein with 14 membrane-span ning regions, creating seven extracellular and eight in tracellular domains. Sequence analysis suggested homol ogy to yeast amino acid permeases (Cooper 1982; Hoff mann 1985; Tanaka and Fink 1985; Weber et al. 1988) , an observation corroborated when injection of mCAT-1 mRNA into Xenopus oocytes resulted in increased up take of the cationic amino acids arginine, lysine, and ornithine (Kim et al. 1991; Wang et al. 1991) . These amino acids are considered either essential or indispens able in rodents because they are synthesized at low lev els or not at all (for review, see Visek 1986) . As a group, ^Corresponding author. E-MAIL cperkins@amgen.com; FAX (805) 447-1982. they play important roles in intermediary metabolism and protein synthesis.
At present, at least five systems capable of transport ing cationic amino acids have been identified, the y^^, Y2'', 6°'"", b"'"", and y^L systems (for review, see Kakuda and MacLeod 1994; Malandro et al. 1994) . These gene products can be distinguished, as they differ in their pat terns of expression, transport kinetics, and the structure of their intracellular domains. The products of at least four genes, these transporters provide genetic redun dancy with regard to the transport of cationic amino ac ids. mCAT-1 is a member of a gene family that includes at least one other gene, mCAT-2. mCAT-1 is widely ex pressed in both the developing and adult animal, consis tent with the wide tissue tropism of the ecotropic mu rine leukemia viruses (MuLVs) and is believed to encode the major transporter of cationic amino acids in mam malian cells, the Na^-independent y^^ transporter sys tem (White 1985) . mCAT2 has been shown to encode two proteins, termed mCAT-2A and mCAT-2B (MacLeod et al. 1990; Closs et al. 1993a,b; Kavanaugh et al. 1994 ). The mCAT-2 proteins exhibit a more restricted expression pattern as well as transport properties differ-ent from mCAT-1. mCAT-2A, which represents y^^, is a liver-specific transporter with a relatively low affinity for substrates (Closs et al. 1993a; Kavanaugh et al. 1994) . mCAT-2B, which also has been called Tea (T cell early activation), has been cloned from both T-cell sources (MacLeod et al. 1990; Kavanaugh et al. 1994 ) and lipopolysaccharide-stimulated macrophages (Closs et al. 1993b) . This protein, which differs from mCAT-2A in a 42-amino-acid stretch, has transport properties more similar to mCAT-1. Whereas all three of these proteins, as well as the human homolog of mCAT-1 (hCAT-1, or ATRCl; Yoshimoto et al. 1991; Albritton et al. 1992) , have been shown to transport amino acids, only mCAT-1 can function as a receptor for ecotropic virus. Domain-swapping experiments resulted in the identifi cation of extracellular loop three (EC3) as containing amino acids critical for virus binding (Albritton et al. 1993) .
The genetic redundancy in the transport of cationic amino acids in the mouse suggests that genes involved in this process could have biological roles distinct from one another. The function of mCAT-1 as a receptor for eco tropic MuLV might reflect an unidentified property of mCAT-1 that is beneficial to viral replication, similar to the tropism of HIV for CD4-positive cells (Maddon et al. 1986 ). To address this issue, mice carrying germ-line de letions in the gene encoding mCAT-1 have been pre pared and analyzed. Infectious center assays based on XC cell fusion indicate that embryonic fibroblasts lacking the mCAT-1 gene are completely resistant to ecotropic retroviral infection. Remarkably, homozygous knockout mice suffer from severe anemia, are 25% smaller than normal littermates, and die within the first 12 hr after birth.
Results

Generation of ES cells and mice containing a mutant mCAT-1 gene
The mCAT-1 locus was identified by PCR (Saiki et al. 1988 ) performed on each of two independent PI clones isolated from a 129/Ola mouse genomic library. The gene was localized further to several overlapping restric tion fragments that were subcloned and encompassed -25 kb. Using the published structure of the human CATl locus as a guide (Yoshimoto et al. 1991) , a combi nation of PCR, sequencing, and Southern hybridization with murine exon-specific oligonucleotides allowed for placement of coding exons 1-8 on these subclones. A partial restriction map of this region of the mCAT-1 gene is shown in Figure lA .
A targeting vector was constructed that allowed the introduction of a mutation into the mCAT-1 gene by replacing coding exon 4, which encodes the YGE resi dues required for virus binding (Albritton et al. 1993 [P] The predicted Sad fragments from the targeted locus detected by the probe in C. The coding exons are represented by solid boxes. Exon 4, which is deleted by the targeting event, is indicated with an asterisk (*).
with a phosphoglycerokinase (PGK)-neo cassette (Fig.  ID) . Flanking the neo gene were mCAT-1 genomic frag ments containing 6.2 kb 5' and 1.8 kb 3' of exon 4. This construct contains both a neo gene, which allows posi tive selection of embryonic stem (ES) cells that integrate the construct, and a herpes simplex virus thymidine ki nase (HSV-tic) gene, which allows negative selection against the great majority of cells that integrate the con struct via a nonhomologous mechanism (Mansour et al. 1988) . The vector was electroporated into either E14K or W95 wild-type ES cells, followed by double selection with G418 and Gancyclovir. PCR analysis was used to identify potential homologous recombinants, which were confirmed by Southern blotting of Sad-digested ge nomic DNA with a probe that included sequences both within and outside of the targeting construct. The probe is diagramed in Figure IC and includes sequences from mCAT-1 coding exons 1-8. The predicted sizes of the Sad fragments detected by this probe are diagramed in Figure IB and F, respectively. Sad digestion of these two loci results in the generation of three DNA fragments from the wild-type locus (3.0, 4.1, and 11.0 kb) and four fragments from the targeted locus (3.0, 4.1, 4.1, and 7.5 kb). These DNAs appear as appropriately migrating bands in Figure 2 . An mRNA derived from the mutant locus was negative for amino acid transport activity as sayed in Xenopus eggs (data not shown). A total of nine independent ES cell clones carrying the mutation (dia gramed in Fig. IE) were isolated. Two ES cell clones, numbers 9 and 154, produced germ-line chimeras that were used to produce mice for this study.
mCAT-1 knockout mice develop anemia and die on the day of birth
No homozygous mutant progeny have been observed at weaning out of 409 F2 animals screened. The ratio of wild-type to heterozygous animals at this stage was -1:2, implying that homozygous pups die prior to weaning. Examination of intercross progeny at various times dur ing development revealed a class of embryos so anemic that they appeared white compared to normal littermates. A photograph of one litter of embryonic day 15.5 (El5.5) mice, including the deduced genotype for each animal, is shown in Figure 3A . PCR analysis determined that the white embryos were homozygous for the mCAT-1 mutation. Subsequent analyses indicated that the homozygous genotype and the anemic phenotype were 100% concordant in a population of >500 animals. The anemic phenotype first becomes apparent at about E12.5 (data not shown) and persists throughout develop ment. Newborn homozygous animals are still white in appearance (Fig. 3B ). Homozygous animals are born at a frequency consistent with Mendelian inheritance of the mutation, but 100% of these animals die on day 1. These pups also weigh -25 % less than their nonanemic littermates at birth (Fig. 3B) . Mutant newborn mice weighed 1.12 ± 0.09 gram (n = 6) versus 1.46 ± 0.13 gram for nor mal littermates [n = 23; P ^ 0.0001). No consistent phenotypic abnormalities have been observed in heterozygotes.
Hematological consequences of the mCAT-1 mutation
Automated blood cell counts were generated from both anemic and nonanemic littermates. These results are summarized in (Fig. 4B ). Su pravital staining of blood smears demonstrated that the reticulocyte counts in the knockout animals were re duced compared to normal animals (data not shown). Furthermore, those reticulocytes present were morpho logically abnormal, suggesting arrested differentiation at or about the transition from late normoblast to type I reticulocyte. There were no statistically significant dif ferences between anemic and nonanemic animals in terms of either white blood cell (WBC) counts (data not shown) or platelets (Table 1 ). These observations taken together suggest that the mCAT-1 knockout results in abnormal maturation of RBCs.
Histological analysis of knockout animals shows hematological abnormalities
Bone marrow, spleen, and liver from newborn mice were examined histologically to further define the underlying basis of the hematological phenotype in mCAT-1 knock out mice. Sections of bone marrow and spleen from new borns were stained with hematoxylin and eosin (H and E) and also for the presence of myeloperoxidase. The results of these analyses are shown in Figure 5 . Compared to controls, bone marrow from knockout mice showed re duced cellularity and a decrease in both erythroid pre cursors and mature RBCs (Fig. 5A,B) . Myeloperoxidase staining, which is specific for myeloid precursors (Tobler et al. 1988) , revealed that in the bone marrow of knock out mice, the majority of the cells present were of the myeloid lineage (Fig. 5G) . In contrast, both myeloid and erythroid precursors are abundant in the marrow of nor mal newborns (Fig. 5F ). The spleen from knockout ani mals also showed a dramatic decrease in the number of (Fig. 5C,D) . Myeloperoxidase staining, however, was similar to con trols (Fig. 5H,I ). Similarly, liver sections from both E18.5 (data not shown) and newborn knockout mice also showed a reduced number of erythroid precursors and mature RBCs (Fig. 5E,J) . Liver sections from El5.5 em bryos were also examined and showed a comparable de crease in the erythroid lineage (data not shown).
Erythroid progenitor cell numbers in knockout animals
Hematopoietic colony assays were performed on liver cells isolated from day El5.5 intercross progeny to deter mine the relative frequency of erythroid progenitors pre sent in anemic and nonanemic fetuses. After 2 days in culture, colonies formed from CFU-E progenitors were scored, and no obvious differences were seen between the livers of mutant and phenotypically normal mice (data not shown). Colonies were again observed at 14 days to assess the early BFU-E progenitors present in the fetal livers. The results obtained (Fig. 6 ) indicate that the fetal livers of wild-type, heterozygous, and mCAT-1 knockout animals all have similar levels of early erthyroid progenitors. In all cases, the colonies produced appeared morphologically normal and were composed of hemoglobinized red erythroid cells. These data suggest that loss of mCAT-1 has no major effect on the ability of fetal liver BFU-E progenitor cells to function in this assay. The mCAT-1 mutation either influences cells more mature than those that have colony-forming potential or the pro duction of factors required for normal erythropoiesis.
mCAT-l~ fetal liver cells generate anemia in and fail
to completely reconstitute the white cell compartment of irradiated C.B.-17 scid/scid mice Forty-five days after irradiation and reconstitution with either mCAT-1" fetal liver cells or a pool of wild-type and heterozygous fetal liver cells, scid/scid (SCID) mice demonstrated virtually 100% donor-derived cells in the peripheral blood (FACS analysis: data not shown). WBC and RBC numbers were reduced in the SCIDs trans planted with the mCAT-1" fetal liver cells as compared with SCIDs transplanted with putatively normal mCAT-1"^ fetal liver cells (Table 2) . Hematocrit and hemoglobin levels in mice transplanted with mCAT-1" cells were -50% of those observed in mice transplanted with nor mal fetal liver cells (Table 2 ) and similar to those seen in homozygous mutant newborns. However, morphologi cal analysis of the peripheral blood RBCs indicated that those from the mCAT-l~ transplants were more mature than the RBCs observed in the newborn knockout mice. These data suggest that stem cells from the mCAT-1" embryonic liver were deficient in their ability to gener ate RBCs and WBCs when transplanted into the mCAT-I* hematopoietic microenvironment of the SCID mouse. The ability of the mCAT-l~ transplanted stem cells to give rise to more mature erythroid cells than seen in the knockout newborns implies that mCAT-1 loss compro mises the ability of the hematopoietic environment to contribute to normal erythropoiesis in the knockout ani mals. However, the level of anemia observed in the newbom knockout animals appears to be recapitulated in the mice transplanted with mCAT-1" cells.
mCAT-l~ cells do not support viral infection
Primary embryo fibroblasts (PEFs) were isolated from wild-type, heterozygous, and knockout El5.5 mice, and were tested for their ability to support the growth of Moloney murine leukemia virus (Mo-MuLV). PEFs were Cold Abbreviations are as in Table 1 plus |WBC) white blood cells x 10^/ml; (HCT) hematocrit. The numbers in parenthesis indicate the number of animals in each class from which values were taken.
exposed to wild-type Mo-MuLV and passaged at least three times to ensure virus spread. These cells v^ere then cocultured with uninfected NIH-3T3 cells to allow fur ther secondary infection, grown to confluency, and overlayed with XC cells. The XC cells form multinucleated syncytia as a result of cell fusion in the presence of ecotropic envelope proteins (Rowe et al. 1970 ). This method allows detection of even a single infectious unit of virus generated from the originally exposed cells. The results of these studies are shown in Figure 7 . XC syncytia were ob served on all plates containing mCAT-l"^ cells that had been exposed to virus (i.e., NIH-3T3 positive controls as well as wild-type and heterozygous PEFs). No syncytia were observed on the mCAT-1" plates, however, indicating that PEFs homozygous for the mCAT-1 knockout were completely resistant to virus infection. Therefore, it ap pears that the mCAT-1 transporter is the only receptor used by Mo-MuLV to infect mouse fibroblasts.
Discussion
The mCAT-1 gene has been inactivated by targeted mu tagenesis in ES cells. Analysis of the genotype of ES clones confirmed the predicted rearrangement of the lo cus, namely, the loss of exon 4 and the insertion of tar geting sequences carrying the neo gene. The predicted loss of mCAT-1 function as viral receptor was verified by XC fusion assay, an assay for ecotropic virus receptor sensitive enough to detect a single infectious virion. Likewise, mRNA derived from the mutant locus was negative for amino acid transport activity assayed in in jected Xerzopus oocytes (data not shown). The phenotype of anemia, reduced size, and perinatal death was ob served in two strains of mice derived from two indepen dently isolated ES clones carrying the mCAT-1 disrup tion. Heterozygous animals from each clone were essen tially normal, indicating that the targeting event at the mCAT-1 locus did not result in a dominant mutation. No other integrations of the targeting construct were de tected. We conclude that the observed phenotype derives from successful targeted disruption of the gene encoding mCAT-1 and that this protein is the sole receptor for eco tropic MuLV expressed on murine embryo fibroblasts. mCAT-1 ~ mice are severely anemic at birth and -25 % smaller than normal littermates. Examination of the pe ripheral blood demonstrates that the number of RBCs is -50% of normal. Examination of peripheral blood smears demonstrated variations in both the size and shape of RBCs and reduced hemoglobin concentration, consistent with a defect in normal differentiation. The number of normoblasts observed in mutant pups was up to 40 times that seen in nonanemic animals, suggesting early release from the marrow in response to anemia. The bone mar row of newborn mCAT-1' mice also showed a general defect in erythroid maturation evidenced by severe hy poplasia at all stages of RBC differentiation. Because no discernible alterations in the morphology or steady-state blood levels of myeloid or megakaryocyte-derived cells were observed, the mCAT-1 defect in homozygous null mice is apparently restricted to the erythroid lineage. Normal differentiation of myeloid progenitors in the bone marrow was evident, and staining for myeloperoxi dase was comparable to normal littermates. Although undersized compared to normal littermates, no other de fects in embryogenesis were evident on gross morpho logical examination of other tissues. We conclude that loss of mCAT-1 results in a lineage-specific defect in erythropoiesis.
Hematopoiesis begins in the fetal yolk sac by E8, transfers to the fetal liver at about ElO, and increases rapidly, peaking on El2-18 (for review, see Dzierzak and Medvinsky 1995) . Subsequent to El8, liver hematopoi esis decreases and is largely superseded at the time of birth by the bone marrow, spleen, and thymus as the principal sites of blood cell production. Histological analyses of the liver at various developmental stages, as well as the spleen and bone marrow from newborn pups, suggest that erythropoiesis in these tissues is impaired by the loss of mCAT-1 function. Invariably, the most prominent hematopoietic precursor cells in the knock out animals were myeloid and not erythroid in origin. This selective defect is unlikely to result from failure of erythroid progenitors to migrate to the liver from the 920
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Cold Spring Harbor Laboratory Press on November 2, 2017 -Published by genesdev.cshlp.org Downloaded from mCAT-1 knockout Figure 7 . Photographs of crystal violet-stained XC infectious center assays. Either infected or uninfected NIH-3T3 cells or PEFs were mixed with 50,000 uninfected NIH-3T3 cells and coplated on 6-cm dishes. After they became confluent, the cells were UV-irradiated and overlayed with 100,000 XC cells, which were allowed to grow overnight in the incubator. Uninfected {A) and infected (D) uninfected [B] and infected (£) wild-type PEFs; infected PEFs, which are either heterozygous (C) or homozygous [F] for the mCAT-1 mutation. All mCAT-1* cells exposed to virus [C-E] contain numerous syncitia, whereas mCAT-1" cells [F] are refractory to infection. All plates are photographed at 40x. yolk sac and/or other sites, as the number of BFU-E from the fetal livers of knockout mice was not diminished. These observations suggest that erythroid progenitors are present in the fetal liver of knockout mice, but they carry a specific defect in proliferation and/or differentia tion in vivo that is not apparent when these cells are grown under the conditions of the BFU-E assay.
To discriminate further between cell autonomous and nonautonomous defects in hematopoiesis, ES cells from day El5.5 liver were analyzed by transplantation into irradiated C.B.-17 SCID mice. Samples from either ho mozygous knockout or pooled wild-type and heterozy gous livers were used for these studies. The degree of anemia in SCID mice transplanted with mutant fetal liver cells was similar to that seen in newborn mCAT-1" donor mice. However, unlike the mutant donors, the SCID mice transplanted with mCAT~ fetal liver cells also exhibited an incomplete reconstitution of the WBC compartment. These cell types were completely recon stituted in those SCID mice receiving mCAT-l"" trans plants. Furthermore, no abnormal RBC morphology was observed in SCID mice transplanted with embryonic liver from mCAT-1" embryos. Because all of the trans planted SCID mice showed 100% donor engraftment as determined by H-2D^ (host) versus H-2D'^ (donor) anti body binding measured by FACS, the absence of morpho logically abnormal RBCs in the peripheral circulation must result from correction of the maturation defect by the hematopoietic microenvironment provided by the SCID mouse. These observations indicate that certain effects of the mCAT-1 mutation such as erythrocytopenia behave as cell-autonomous traits, whereas other ef fects such as abnormal erythroid precursors in the circu lation and incomplete reconstitution of the white cell compartment may be nonautonomous or strain-depen dent. Some of these differences may relate to stromal cell contributions to hematopoiesis and the fact that stromal components do not transplant in this system (McCulloch et al. 1965 ).
Increased mCAT-1 expression has been linked to cell proliferation in a number of cases (MacLeod et al. 1990; Yoshimoto et al. 1992; Wu et al. 1994) . Expression of this gene is increased in T cells following treatment with conconavalin A (MacLeod et al. 1990; Yoshimoto et al. 1992) and in B cells after treatment with lipopolysaccharide (Yoshimoto et al. 1992 ). Elevated expression is also a consequence of treatment with phorbol 12-myristate 13-acetate (PMA) or calcium ionophore (Yoshimoto et al. 1992) . Protein kinase C (PKC) has been implicated in this process, as analogs of PMA that do not activate PKC do not increase mCAT-1 (Yoshimoto et al. 1992) . Likewise, inhibitors of PKC block the PMA-induced increase in mCAT-1 expression (Yoshimoto et al. 1992) . mCAT-l expression is undetectable in quiescent adult hepatocytes (Kim et al. 1991) but is rapidly induced in regener ating rat liver 2-4 hr after partial hepatectomy . Similarly, mCAT-l expression is increased during the rapid induction of splenomegaly caused by infection of mice with Friend virus (Yoshimoto et al. 1992) . Con versely, mCAT-1 expression ceases when liver regenera tion is complete ) and decreases in HL-60 cells during terminal differentiation (Yoshimoto et al. 1992 ). These findings demonstrate a correlation between mCAT-1 expression and cell division, and suggest that loss of mCAT-1 function could hinder proliferation in a cell-autonomous fashion, perhaps via a decreased con centration of intracellular cationic amino acids. How ever, the mechanisms underlying the phenotype of mCAT-l mutant mice, namely defective hematopoiesis, reduced size, and perinatal death, are unknown.
The role of mCAT-1 as viral receptor and its coordi nate expression during cell proliferation correlate di rectly with the life cycle requirements of retroviruses. These viruses require cell division for successful synthe sis and integration of proviral DNA, events critical for replication and disease induction Selten et al. 1984; Villeneuve et al. 1986; Brightman et al. 1990 ). The interactions between env gene products of other retroviruses and cellular proteins suggest a very active selection for variants of env that specifically tar get cellular gene products involved in proliferation. Spleen focus-forming virus (SFFV) gp55 interacts with the erythropoietin (Epo) receptor and stimulates prolif eration of erythroid precursor cells (Li et al. 1990 ). Like wise, the gpZOs of the related Friend mink cell focusforming (MCF) and Moloney MCF viruses have also been shown to promote growth in factor-dependent cell lines by binding to the Epo receptor and to the related interleukin-2 receptor 3 chain (Li et al. 1990; Tsichlis and Bear 1991) . The ecotropic gp70 is similar to these other viral env gene products in that expression of its receptor, mCAT-1, is linked to cell proliferation. We conclude that mCAT-1 is the principal receptor used by murine eco tropic retroviruses to gain entry into mouse fibroblasts and, furthermore, that this molecule, crucial to the life cycle of ecotropic leukemia viruses, also plays a critical role in nor mal embryogenesis and hematopoiesis.
Materials and methods
Construction of targeting vector and targeting of ES cells
The PGK-neo gene was excised from PGK-neo-bpA (McBumey et al. 1991) by digestion with Xhol and cloned into the Xhol site of Bluescript II KS(+) (Stratagene). This subclone was cut with BamHl and Hindlll and ligated to a 6.2-kb BamHl-Hindlll frag ment of the mCAT-1 genomic locus (comprising the 5' homol ogy) containing coding exons 2 and 3. All mCAT-1 genomic fragments were isolated from PI phage clones produced from 129/Ola mouse DNA (Genome Systems, Inc., St. Louis, MO). The resulting subclone was linearized with Apal, ligated to a 1.8-kb Apal fragment (comprising the 3' homology) containing coding exon 5, recloned, and tested for the proper orientation. The HSV-tic gene was isolated from plasmid pPNT (Tybulewicz et al. 1991) by digestion with Hindlll, blunt-ended with Klenow in the presence of all four dNTPs, ligated with Kpnl linkers, and then digested with Kpnl. This iCpnI-ended HSV-£]c cassette was ligated into the Kpnl site of the knockout construct to produce a positive/negative selection vector (Mansour et al. 1988 ) for the mCAT-1 gene (see Fig. IB ).
The targeting vector was linearized with Notl and electroporated by standard methods into one of two wild-type ES cell lines (Robertson et al. 1986 ): W95 or E14K, obtained from J. Mann (Beckman Research Institute, City of Hope, Duarte, CA) and T. Mak (Amgen Institute, Toronto, Canada), respectively. The electroporated cells were grown in the presence of leukemia inhibitory factor (1000 U/ml ESGRO; Life Technologies) and selected with G418 (Geneticin; effective concentration of 0.2 mg/ml; Life Technologies) and Gancyclovir (2 mM; Syntex). Doubly resistant cells were screened initially by PCR. The primers used for the initial screen were located within the neo gene (5'-TGCCGAGAAAGTATCCATCA) and just outside of the 3' homology (5'-CTAACAGGGCTAAGACCAAT). Reac tion conditions were 50-200 ng of genomic DNA and 25 pmoles of each primer in a 50-]LI1 reaction with 2 units of Taq polymer ase (Boehringer Mannheim). Reactions were run with 40 cycles of 94°C for 30 sec, 58°C for 30 sec, and 72°C for 4 min, followed by 7 min at 72°C. The integration events that occurred in PCRpositive clones were characterized further by Southern analysis. This was accomplished using a cDNA-based probe containing mCAT-1 exons 1-8, which allows for the detection of rearrange ments at both the 5' and 3' ends as well as the presence of multiple copies of the construct. Several cell lines that were found to be appropriately targeted were injected into C57BL/6J (Jackson Laboratory) blastocysts to produce chimeric animals. Chimeric males were bred to C57BL/6J females to produce F^ progeny. Those displaying agouti coat color were genotyped by PCR and/or Southern analysis as described above. Heterozy gous animals were then intercrossed, and the resultant F^ pups were genotyped by the same method. The PCR reactions used to genotype Fj and subsequent embryos and newborns were run with 50-200 ng of tail DNA, 10 pmoles of each primer, and 2 units of Taq polymerase in a 50 ]xl reaction. The reactions were run for 40 cycles of 94°C for 15 sec, 56°C for 30 sec, 72°C for 90 sec, followed by 7 min at 72°C. Individual PCR primer sets were used to detect the neo cassette (targeted allele; two primers within neo, 5'-AGGCTATTCGGCTATGACTG and 5'-AC-GGGGGAGGGGCAAACAAC) and/or the presence of exon 4 (wild-type allele; upstream primer in exon 4, 5'-TGCCCTTTG-GATTCTCTGGT, and downstream primer in exon 5, 5'-CTGGGGGTTCTTGACTTCTT).
Analysis of hematopoiesis in mutant newborns
Peripheral blood was collected from newborn animals on the day of birth by incision of the carotid arteries. The mice were bled by drawing 20 ]il of freely flowing whole blood directly into an Eppendorf pipette and transferring the blood immediately into 10 ml of Cellpack diluent (TOA Medical Electronics; Kobe, Japan). The blood and diluent were mixed to obtain a homoge neous mixture. Total WBCs, RBCs, platelets, and hemoglobin were then determined using a Sysmex counter according to the manufacturer's (TOA Medical Electronics) protocols. The pres ence of elevated normoblast levels in the blood of newborn knockout mice made the WBC counts from these mice unreli able. Blood smears were made from each animal and stained with Diff-Quik (Baxter) or modified May-Grunwald Giemsa (Sigma). Differential counts were based on 100 total leukocytes counted. The number of total nucleated RBCs was determined per 100 leukocytes and grouped (pronormoblasts, early, inter mediate, and late normoblasts). Reticulocytes were visualized and typed according to the conventional Heilmeyer classifica tion (Heilmeyer and Westhauser 1932, as referenced in Koepke and Koepke 1968) by staining with the supravital stain new methylene blue (Brecher 1949) .
Assays for colony-forming cells in fetal livers
Fetal livers were removed from two anemic and four nonanemic E15.5 intercross mice. The animals were subsequently geno typed by PCR as described. The fetal liver cells were disaggre gated into single cell suspensions and used in CFC (colonyforming cell) assays as described elsewhere Pouting et al. 1991) . The cells were cultured in a semisolid medium containing 20% (vol/vol) fetal bovine serum (Bocknek), 10% (vol/vol) bovine serum albumin (fraction V; Sigma), penicillin G sodium/streptomycin sulfate (100 U/ml and 100 mg/ml, respectively; Life Technologies), glutamax-1 (Life Tech nologies) and 1.35% (wt/vol) methylcellulose (Sigma) in Iscove's modified Dulbecco's medium (Life Technologies). For the erythroid assay, the fetal liver cells were exposed to rat stem cell factor (SCF; 100 ng/ml), human megakaryocyte growth and development factor (MGDF; 100 ng/ml), and human erythro poietin (4 U/ml) to stimulate erythroid growth and develop ment, and hemin (200 nM) to increase hemoglobinization. The cells were cultured in 35-mm uncoated plastic dishes (Corning) for 2 weeks at 37°C in humidified boxes containing a gas mix ture of 10% COiJlJo OJ 83% nitrogen. Colonies were scored as containing 50 or more cells.
Assay for viral infection and replication
On the evening of day 1,5x10^ NIH-3T3 or PEFs (isolated from El5.5 intercross mice and genotyped by PCR) were seeded onto 60-mm tissue culture dishes and allowed to grow overnight. The medium used for cell growth and maintenance was Dul becco's modified Eagle medium (DMEM) supplemented with glutamine/penicillin/streptomycin and either 10% fetal calf se rum (PEF medium) or 10% calf serum (NIH-3T3 medium). All media components were obtained from Life Technologies. Late on day 2, 3 x 10'' infectious units of wild-type Mo-MuLV were used to infect each dish (except negative controls) in the pres ence of 8 jJM polybrene (Aldrich). The infection was allowed to proceed for 16 hr (overnight). On day 3, the cells from each plate were trypsinized and transferred to 100-mm dishes and were henceforth passaged 1:2 as they became confluent. After 14 days (a minimum of three passages for each plate), either 10^ unin fected cells or lO'* virally exposed cells from each plate were mixed with 5 x 10"^ uninfected NIH-3T3 cells and plated onto 60-mm dishes. As the plates became confluent, the medium was removed, and the cells were UV inactivated. Then 3 x 10'^ XC cells were overlayed onto each plate. The plates were stained with crystal violet after overnight incubation.
Histology and histochemistry of mCAT-1 embryos and newborns
mCAT-1 knockout embryos, newborns, and selected tissues, together with age-matched controls, were fixed overnight in 10% neutral buffered zinc formalin (Anatech, Battle Creek, MI), paraffin embedded, sectioned at 3 pm, and stained with HandE for routine histologic examination. Immunohistochemical staining for myeloperoxidase was done on 4 ja-thick-paraffinembedded sections of spleen and femoral bone marrow using an automated TechMate Immunostainer (BioTek Solutions, Santa Barbara, CA). Sections were incubated with a 1:500 dilution of rabbit antiserum directed against human myeloperoxidase (Dako, Carpinteria, CA), followed by a biotinylated anti-rabbit/ anti-mouse secondary cocktail (BioTek) and avidin-biotin com plex (ABC) coupled to horseradish peroxidase (BioTek). The staining reaction was visualized with diaminobenzidine (DAB; Sigma).
Transplantation of irradiated SCID mice with fetal liver cells
C.B.-17 SCID mice (Bosma et al. 1983 : obtained from Charles River) were given 300 rads total body 7-irradiation and then injected via the tail vein with fetal liver cells derived from E15.5 mice. Groups of four or five animals received either no cells, 10 X 10^ fetal liver cells from homozygous pups, or 10 x 10^ cells from pooled wild-type and heterozygous pups. These ani-mals were allowed to recover for 45 days. Peripheral blood was then obtained by retro-orbital bleeding into EDTA-containing tubes. Twenty microliters of each sample was subjected to pe ripheral blood analysis as described above. The blood samples were stained with antibodies directed against H-2D'^ and H-2D'' antigens to recognize host C.B.-17 SCID (H-2D'^)-and donor 129/C57B16 (H-2D'')-derived cells, and quantified by FACS sort ing and analysis.
